Introduction {#Sec1}
============

Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and second leading cause of cancer death globally^[@CR1]^. Radical resection is still the most effective treatment for patients with colon cancer^[@CR2]^. However, colon cancer prognosis remains poor because of its distant metastasis and local recurrence^[@CR3]^. It is a matter of great urgency for clinicians and researchers to develop more efficient molecular targets and novel biomarkers for colon cancer therapy and diagnosis.

In recent years, an increasing number of studies have revealed the biological roles of circular RNAs (circRNAs) in cancer progression^[@CR4],[@CR5]^. CircRNAs are an emerging kind of non-coding RNAs that are cyclic in structure and have considerable abundance, high conservation, and relative stability in the eukaryotic transcriptome^[@CR6]^. It has been reported that circRNAs regulate gene expression through multiple mechanisms, including sponging microRNAs (miRNAs), interacting with RNA-binding proteins, and serving as translation templates^[@CR7]^. CircRNAs are predominately detected in the cytoplasm and function as miRNA sponges to regulate the expression of genes targeted by miRNAs^[@CR8]^. For instance, Shi et al. suggested that circPRKCI facilitates esophageal cancer proliferation via sponging miR-3680-3p and promotes AKT3 expression^[@CR9]^. CircMMP9 is overexpressed in glioma cells and serves as an oncogene via targeting miR-124 and upregulating CDK4^[@CR10]^. Han et al. showed that circMTO1 represses colon cancer progression by sponging microRNA-9^[@CR11]^.

In the present study, we first identified that the novel circRNA circCTNNA1, which is derived from the *CTNNA1* gene, is upregulated in colon cancer tissues and cell lines and promotes colon cancer progression via sponging miR-149-5p and upregulating FOXM1. Our findings provide new insights into the regulatory mechanisms of circCTNNA1 in tumorigenesis and the development of colon cancer.

Results {#Sec2}
=======

CircRNA and mRNA expression profiling in colon cancer {#Sec3}
-----------------------------------------------------

CircRNA and messenger RNA (mRNA) microarray analyses were applied in paired colon cancer tissues and adjacent normal tissues from three patients with colon cancer (Fig. [1a, b](#Fig1){ref-type="fig"}). A total of 423 circRNAs were differentially expressed, among which 247 were upregulated while 176 were downregulated. We noted that circCTNNA1 (CircBase ID: hsa_circ_0074169) was the most significantly upregulated circRNA (Fig. [1a](#Fig1){ref-type="fig"}). CircCTNNA1 was derived from exons 10--13 of *CTNNA1* located at chr5:138223178--138260399, with a spliced sequence length of 604 nt according to circBase. In addition, 2415 mRNAs were differentially expressed between colon cancer and normal tissues, including 1227 upregulated and 1188 downregulated mRNAs (Fig. [1b](#Fig1){ref-type="fig"}). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed to investigate the function of differentially expressed mRNAs; the cell cycle was one of the most significantly enriched pathways, and FOXM1 was found to be the most upregulated gene in the cell cycle signaling pathway (Fig. [1c](#Fig1){ref-type="fig"}).Fig. 1CircRNA and mRNA expression profiling and identification of circCTNNA1 and FOXM1 in colon cancer.**a**, **b** Ten significantly upregulated and downregulated circRNAs and mRNA are demonstrated by heatmaps. **c** A KEGG pathway analysis showed the most enriched pathways of the differentially expressed genes. **d** circCTNNA1 derives from back-spliced exons 10 to 13 of CTNNA1. The back-splice junction of circCTNNA1 was identified by Sanger sequencing. **e** PCR analysis for circCTNNA1 and linear CTNNA1 in cDNA and gDNA. **f** RNase R digestion assay was conducted to evaluate the stability of circCTNNA1. **g** The circCTNNA1 expression in 60 pairs of colon cancer and adjacent normal tissues was measured by qRT-PCR assays. **h** Kaplan--Meier survival analysis showed that patients with high circCTNNA1 expression had a poorer prognosis. **I**, **j** FOXM1 expression were determined by qRT-PCR and IHC in the 60 pairs of colon cancer tissues and matched normal tissues. **k** RNA sequencing data from TCGA-COAD database showed that FOXM1 was significantly upregulated in the colon cancer tissues compared with normal tissues. **l** Pearson correlation analysis showed that FOXM1 expression were positively correlated with that of the circCTNNA1. \*\*\**p* \< 0.001.

circCTNNA1 and FOXM1 are upregulated in colon cancer and correlated with poor survival {#Sec4}
--------------------------------------------------------------------------------------

To verify the molecular characteristics of circCTNNA1, the complementary DNA (cDNA) products of circCTNNA1 were amplified using polymerase chain reaction (PCR) with divergent primers. The amplified product of circCTNNA1 was examined by Sanger sequencing, and the sequence was in line with that in circBase (Fig. [1d](#Fig1){ref-type="fig"}). To verify the head‐to‐tail splicing, we designed convergent primers to amplify linear CTNNA1 mRNA and divergent primers for circCTNNA1. The results showed that the circCTNNA1 could only be amplified in cDNA by both primers but could not be amplified in genomic DNA (gDNA) with the divergent primer (Fig. [1e](#Fig1){ref-type="fig"}). The RNase R digestion assay showed that RNase R had no effect on circCTNNA1 in comparison with linear CTNNA1 mRNA (Fig. [1f](#Fig1){ref-type="fig"}). CircCTNNA1 expression levels were measured in 60 pairs of colon cancer tissues and matched normal samples by quantitative reverse transcription (qRT)-PCR, and the results showed that circCTNNA1 was significantly upregulated in colon cancer tissues in comparison with that in matched non-tumor tissues (Fig. [1g](#Fig1){ref-type="fig"}). We evaluated the relationship between circCTNNA1 expression and clinicopathological parameters and found that increased expression of circCTNNA1 was associated with advanced tumor--node--metastasis (TNM) stage (Table [1](#Tab1){ref-type="table"}). In addition, circCTNNA1 expression was measured using fluorescence in situ hybridization (FISH) on tissue microarrays that contained 180 colon cancer tissues. The Kaplan--Meier survival curve indicated that a high expression level of circCTNNA1 was related to significantly lower overall survival rates (Fig. [1h](#Fig1){ref-type="fig"}). FOXM1 expression was then determined by qRT-PCR and immunohistochemistry (IHC) in 60 pairs of colon cancer tissues and matched normal tissues, and the results revealed that FOXM1 was upregulated in colon cancer (Fig. [1i, j](#Fig1){ref-type="fig"}), which is in line with the RNA sequencing data from The Cancer Genome Atlas (TCGA) Colon Adenocarcinoma database (Fig. [1k](#Fig1){ref-type="fig"}). Pearson correlation analysis showed that FOXM1 expression was positively correlated with that of circCTNNA1 (Fig. [1l](#Fig1){ref-type="fig"}). These findings indicated that FOXM1 was co-overexpressed with circCTNNA1, and they might participate in the progression of colon cancer.Table 1Correlation between the clinicopathological parameters and circCTNNA1 expression of 60 colon cancer patients.Clinicopathological parametersNumber of casescircCTNNA1 expression level*P* valueLowHighTotal603030Age (years)0.606 \<65291416 ≥65311614Sex0.559 Male1679 Female442321Histological grade0.602 Well-moderately251412 Poorly351618TNM stage0.008 0--II24195 III--IV361125Carcinoembryonic antigen level0.584 \<5 ng/ml20911 ≥5 ng/ml502119Tumor size (cm)0.108 \<522148 ≥5381622Lymphovascular invasion0.718 Negative512526 Positive954

circCTNNA1 promotes the proliferation and DNA synthesis of colon cancer cells {#Sec5}
-----------------------------------------------------------------------------

CircCTNNA1 expression was higher in all colon cancer cell lines (CACO2, HT29, LOVO, SW620, and SW480) than in the normal NCM460 cell line as evaluated using qRT-PCR (Fig. [2a](#Fig2){ref-type="fig"}). To investigate the biological role of circCTNNA1 in colon cancer, a short hairpin RNA (shRNA) vector against circCTNNA1 and overexpression vector of circCTNNA1 were constructed. The results of qRT-PCR revealed that the circCTNNA1 expression level was significantly increased or decreased in SW620 and SW480 cells transfected with overexpression or RNA interference vectors (Fig. [2b, c](#Fig2){ref-type="fig"}). However, knockdown and overexpression of circCTNNA1 had no effect on the expression level of linear mRNA of CTNNA1 (Fig. [2d](#Fig2){ref-type="fig"}). Cell Counting Kit-8 and colony formation assays were then conducted, and we found that the upregulation of circCTNNA1 significantly promoted the proliferation viability and colony-forming ability of these two colon cancer cell lines, whereas downregulation of circCTNNA1 inhibited cell growth (Fig. [2e, f](#Fig2){ref-type="fig"}). Consistent with these findings, 5‐ethynyl‐2′‐deoxyuridine (EdU) assays indicated that circCTNNA1 overexpression obviously increased the percentages of EdU-positive cells (Fig. [2g, h](#Fig2){ref-type="fig"}), reflecting a higher proportion of cells entering the DNA replication phase of the cell cycle. However, knockdown of circCTNNA1 showed an opposite effect.Fig. 2CircCTNNA1 promotes the growth, invasion, and migration of colon cancer cells in vitro.**a** CircCTNNA1 expression in normal and colon cancer cell lines was measured using qRT-PCR. **b**, **c** The effects of overexpression or knockdown of circCTNNA1 in SW620 or SW480 cells were measured using qRT-PCR. **d** knockdown and overexpression of circCTNNA1 had no effect on the expression level of linear mRNA of CTNNA1. **e**, **f** CCK-8 and colony formation assays of colon cancer cells with circCTNNA1 overexpression or knockdown. **g**, **h** EdU incorporation assay revealed the changes of DNA synthesis after overexpression or knockdown of circCTNNA1. **I**, **j** Transwell and wound-healing assays showed that invasion and migration were significantly increased after circCTNNA1 overexpression, but inhibited after circCTNNA1 knockdown. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

circCTNNA1 facilitates the migration and invasion of colon cancer cells {#Sec6}
-----------------------------------------------------------------------

To examine the effects of circCTNNA1 on the migratory and invasive capacities of colon cancer cells, transwell and wound-healing assays were also performed. The results revealed that the migratory and invasive capacities of SW620 and SW480 cells were significantly augmented by overexpression of circCTNNA1, but markedly attenuated by knockdown of circCTNNA1 (Fig. [2i, j](#Fig2){ref-type="fig"}).

circCTNNA1 knockdown led to G1 arrest in CRC {#Sec7}
--------------------------------------------

To determine the changes in the cell cycle profile following circCTNNA1 knockdown, flow cytometry analysis was performed. The percentage of cells in the G1 phase was markedly increased in sh-circCTNNA1-transfected SW620 and SW480 cells as compared with that in shNC-transfected cells. However, the percentages of cells in the S phase were significantly deceased after circCTNNA1 knockdown. These results revealed that knockdown of circCTNNA1 suppressed the CRC cell cycle by inducing G1/S arrest (Fig. [3a](#Fig3){ref-type="fig"}). On the contrary, the overexpression of circCTNNA1 demonstrated the opposite changes in G1 and S phases, indicating that circCTNNA1 overexpression facilitated the G1/S transition of CRC cells (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Flow cytometric analysis and in vivo tumorigenesis assay.**a**, **b** Flow cytometry analysis was carried out to determine the changes in the cell cycle profile following circCTNNA1 knockdown or overexpression in SW620 and SW480 cells. **c** SW620 cells stably transfected with overexpression or SW480 transfected with shRNA vector were subcutaneously injected into female nude mice. **d**, **e** The tumor weight and volume were significantly increased in the circCTNNA1 overexpression group, and decreased in the sh-circCTNNA1 group. **f** IHC staining were conducted and IHC scores were calculated to determine the effects of circCTNNA1 on the expression of FOXM1 and downstream related proteins in xenograft tumor tissues. \*\*\**p* \< 0.001.

circCTNNA1 facilitates tumorigenesis of colon cancer cells in vivo {#Sec8}
------------------------------------------------------------------

To further explore the influence of circCTNNA1 on cancer progression in vivo, SW620 cells stably transfected with overexpression vector or SW480 cells transfected with shRNA vector were subcutaneously injected into female nude mice (Fig. [3c](#Fig3){ref-type="fig"}). The tumor weight and volume were significantly increased in the circCTNNA1 overexpression group and decreased in the sh-circCTNNA1 group (Fig. [3d, e](#Fig3){ref-type="fig"}). In addition, IHC staining was conducted to determine the effects of circCTNNA1 on the expression of FOXM1 and downstream related proteins in xenograft tumor tissues. The results revealed that overexpression of circCTNNA1 upregulated the expression of FOXM1, cyclin B1, and cyclin D1 and suppressed the expression of p21 and p27 in xenograft tumor tissues, whereas circCTNNA1 knockdown conferred the opposite effects on these proteins (Fig. [3f](#Fig3){ref-type="fig"}).

circCTNNA1 serves as a sponge of miR-149-5p {#Sec9}
-------------------------------------------

To investigate the underlying regulatory mechanism of circCTNNA1 in colon cancer progression, its potential target miRNAs were predicted using the CircInteractome and miRanda online databases. The bioinformatics prediction indicated that six miRNAs (hsa-miR-147b, hsa-miR-186-5p, hsa-miR-942-5p, hsa-miR-149-5p, hsa-miR-432-5p, and hsa-miR-182-5p) were potential targets of circCTNNA1 according to these databases (Fig. [4a](#Fig4){ref-type="fig"}). To validate this prediction, circRNA pull-down assays were conducted with a specific biotin-labeled circCTNNA1 probe. Among the six candidate miRNAs, miR-149-4p was found to be the most significantly pulled down by the circCTNNA1 probes in SW620 and SW480 cells as determined by qRT-PCR (Fig. [4b, c](#Fig4){ref-type="fig"}). The miR-149-5p expression level was then determined in 60 pairs of colon cancer tissues and normal tissues and found to be underexpressed in colon cancer tissues in comparison with normal tissues (Fig. [4d](#Fig4){ref-type="fig"}). TCGA database also revealed that miR-149-5p expression was lower in colon cancer tissue than that in normal tissues (Fig. [4e](#Fig4){ref-type="fig"}). An anti-AGO2 RNA immunoprecipitation (RIP) assay was conducted in SW620 cells to pull down the RNA transcripts binding to AGO2, and immunoglobulin G (IgG) was used as a negative control. We found that AGO2, circCTNNA1, and miR-149-5p were all markedly pulled down by anti-AGO2 antibodies compared with that in the control group (Fig. [4f](#Fig4){ref-type="fig"}). In addition, circCTNNA1 and miR-149-5p were both significantly enriched in cells transfected with miR-149-5p mimics in comparison with the NC mimic group (Fig. [4g, h](#Fig4){ref-type="fig"}).Fig. 4CircCTNNA1 functions as a sponge of miR-149-5p.**a** Potential target miRNAs of circCTNNA1 were predicted by CircInteractome and miRanda online database. **b**, **c** CircRNA pull-down assays were performed with a specific biotin-labeled circCTNNA1 probe in SW620 and SW480 cells. **d** The expression levels of miR-149-5p in 60 colon cancer tissues were determined by qRT-PCR. **e** RNA sequencing data from TCGA-COAD database showed that miR-149-5p was underexpressed in colon cancer. **f** RIP assay was conducted using an AGO2 antibody, and IgG served as a negative control. **g**, **h** circCTNNA1 and miR-149-5p were both significantly enriched in cells transfected with miR-149-5p mimics. **i** The direct binding between circCTNNA1 and miR-149-5p was analyzed by dual-luciferase reporter assay. **j** FISH assay showed the co-localization of circCTNNA1 and miR-149-5p in colon cancer cells. **k** Correlation between the expression levels of circCTNNA1 and miR-149-5p in colon cancer tissues. Scale bar = 100 µm. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

Furthermore, dual-luciferase reporter assays showed that miR-149-5p mimics significantly reduced the luciferase activity in the wild-type group, whereas the activity in the mutant-type group was not affected, indicating that there could be a direct interaction between miR-149-5p and circCTNNA1 (Fig. [4i](#Fig4){ref-type="fig"}). A FISH assay in colon cancer cells was then performed to investigate the subcellular localization of circCTNNA1 and miR-149-5p. The results showed that circCTNNA1 was co-located with miR-149-5p in the cytoplasm (Fig. [4j](#Fig4){ref-type="fig"}). Pearson correlation analysis showed that miR-149-5p expression was negatively correlated with that of circCTNNA1 (Fig. [4k](#Fig4){ref-type="fig"}). Collectively, these data demonstrated that circCTNNA1 could act as a sponge for miR-149-5p in colon cancer.

circCTNNA1 promotes colon cancer progression via the circCTNNA1/miR-149-5p/FOXM1 axis {#Sec10}
-------------------------------------------------------------------------------------

To validate whether circCTNNA1 exerts oncogenic effects via the circCTNNA1/miR1--149-5p/FOXM1 axis, rescue experiments of cell proliferation, invasion, and migration using miR-149-5p mimics or inhibitors were conducted. Colony formation and EdU assays showed that miR-149-5p mimics counteracted the proliferation-promoting effects of circCTNNA1 overexpression in SW620 cells (Fig. [5a, c](#Fig5){ref-type="fig"}), while miR-149-5p inhibitors reversed the suppressing effects induced by circCTNNA1 knockdown in SW480 cells (Fig. [5b](#Fig5){ref-type="fig"}, d). Transwell and wound-healing assays demonstrated that circCTNNA1 overexpression remarkably augmented the migratory and invasive abilities, and the effects could be counteracted by miR-149-5p mimics (Fig. [5e, f](#Fig5){ref-type="fig"}). On the contrary, downregulation of circCTNNA1 repressed cell migration and invasion, and these effects could be reversed by the miR-149-5p inhibitor (Fig. [5g, h](#Fig5){ref-type="fig"}). In summary, these findings demonstrated that circCTNNA1 might control the cell cycle and promote colon cancer development by serving as a competing endogenous RNA (ceRNA) for miR-149-5p to regulate FOXM1 expression.Fig. 5miR-149-5p reverses the oncogenic functions of circCTNNA1.**a**, **b** Colony formation assays revealed that cell proliferation affected by circCTNNA1 knockdown or overexpression was reversed by co-transfection with the miR-149-5p inhibitor or mimic. **c**, **e**, **g** EdU, transwell, and wound-healing showed that DNA synthesis, invasion, and migration attenuated by circCTNNA1 knockdown was reversed by co-transfection with the miR-149-5p inhibitor. **d**, **f**, **h** DNA synthesis, invasion and migration augmented by circCTNNA1 overexpression was reversed by co-transfection with the miR-149-5p mimic. Scale bar = 100 µm. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

FOXM1 is a direct target of miR-149-5p and indirectly regulated by circCTNNA1 {#Sec11}
-----------------------------------------------------------------------------

To determine the downstream target of the circCTNNA1/miR-149-5p axis, TargetScan bioinformatics tools were used. The prediction indicated that FOXM1 and circCTNNA1 share the same MRE as that of miR-149-5p (Fig. [6a](#Fig6){ref-type="fig"}). To validate this prediction, dual-luciferase reporter assays were conducted, which demonstrated that the luciferase activity of the vector carrying the FOXM1 3′UTR-WT was remarkably reduced by miR-149-5p mimics in comparison with that in the mutant-type group (Fig. [6b](#Fig6){ref-type="fig"}).Fig. 6FOXM1 is a direct target of miR-149-5p and indirectly regulated by circCTNNA1.**a** TargetScan showed that miR-149-5p could bind to the 3′UTR of FOXM1. **b** The direct binding between FOXM1 3′UTR and miR-149-5p was analyzed by dual-luciferase reporter assay. **c**, **d** FOXM1 expression in normal and colon cancer cell lines were measured by western blotting and qRT-PCR. **e**, **f** The expression levels of FOXM1 were measured by western blotting after transfection of miR-149-5p mimic or inhibitor. **g** Pearson correlation analysis revealed the negative correlation between FOXM1 and miR-149-5p. **h** The protein expression levels of FOXM1 and its downstream genes affected by the knockdown or overexpression of circCTNNA1 were reversed by co-transfection of the miR-149-5p inhibitor or mimic. **i** Schematic diagram of the mechanism and function of circCTNNA1 in colon cancer progression. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

FOXM1 is overexpressed in multiple colon cancer cell lines compared with that in normal colon cell lines (Fig. [6c, d](#Fig6){ref-type="fig"}). Furthermore, western blotting showed that miR-149-5p mimics significantly decreased FOXM1 expression, whereas miR-149-5p inhibitors significantly increased FOXM1 expression in colon cancer cells (Fig. [6e, f](#Fig6){ref-type="fig"}). Pearson correlation analysis showed that FOXM1 expression was negatively correlated with that of miR-149-5p as determined by qRT-PCR in 60 paired colon cancer and normal tissues (Fig. [6g](#Fig6){ref-type="fig"}).

Moreover, western blotting demonstrated that the expression levels of FOXM1 as well as cyclin B1 and cyclin D1 were found to be markedly decreased, and p21 and p27 expression were significantly augmented after circCTNNA1 knockdown. On the contrary, overexpression of circCTNNA1 had the opposite effect on the expression of these proteins (Fig. [6h](#Fig6){ref-type="fig"}). In addition, the decrease or increase in FOXM1 expression caused by circCTNNA1 knockdown or overexpression could be reversed by miR-149-5p inhibitors or mimics, respectively (Fig. [6h](#Fig6){ref-type="fig"}). Collectively, these findings suggested that circCTNNA1 could regulate FOXM1 expression via sponging miR-149-5p in colon cancer (Fig. [6i](#Fig6){ref-type="fig"}).

Discussion {#Sec12}
==========

Owing to the rapid development in high-throughput sequencing and bioinformatics, an increasing number of circRNAs have been identified as diagnostic and therapeutic targets in various malignancies^[@CR12]--[@CR14]^. Emerging evidence has shown that dysregulation of circRNAs plays important roles in the development and progression of colon cancer^[@CR15]^. Zheng et al. identified that circPPP1R12A-73aa promotes colon cancer pathogenesis and metastasis through the Hippo-YAP signaling pathway^[@CR16]^. Ju et al. developed a novel prognostic tool based on four circRNAs to improve prognostic stratification in patients with radically resected stage II/III colon cancer^[@CR17]^. There are only a small number of circRNAs that have been characterized in human cancer, and the biological functions of most circRNAs remain to be clarified.

In the present study, we obtained the expression profiles of circRNA and mRNA in three pairs of colon cancer tissues and matched normal tissues by microarray analyses. A novel circRNA, termed circCTNNA1, which is derived from the *CTNNA1* gene, was identified. *CTNNA1* (catenin alpha-1), which encodes a CDH1-binding partner, is a susceptibility gene for diffuse gastric cancer^[@CR18],[@CR19]^. CircCTNNA1 was markedly upregulated in colon cancer tissues and cells and significantly correlated with advanced TNM stage and poor survival. Moreover, functional experiments in vivo and in vitro revealed that circCTNNA1 significantly promoted cell proliferation, migration, and invasion of colon cancer.

According to the ceRNA theory, RNA transcripts (circRNAs, lncRNAs, mRNAs, and pseudogenes) regulate each other's expression through competing for shared MREs^[@CR20]^. It has been reported that circRNAs regulate the expression of miRNA target genes by functioning as sponges for miRNAs. For instance, Bi et al. revealed that circZKSCAN1 promotes p21 expression via sponging miR-1178-3p, which represses the aggressive biological behaviors in bladder cancer^[@CR21]^. Wang et al. reported that hsa_circ_0091570 sponges miR-1307 as a ceRNA and regulates ISM1 expression by exerting functional roles in hepatocellular cancer^[@CR22]^. Liu et al. revealed that circ‐SERPINE2 promotes gastric cancer progression and regulates YWHAZ expression by sponging miR‐375^[@CR23]^. In our study, bioinformatics analyses indicated that circCTNNA1 shared the same MRE of miR-149-5p with FOXM1. RNA pull-down, anti-AGO2 RNA immunoprecipitation, and dual-luciferase reporter assays were performed, which confirmed that circCTNNA1 directly interacts with miR-149-5p. FISH assays showed that circCTNNA1 and miR-149-5p were co-located in cytoplasm. Zhang et al. reported that circNRIP1 promotes proliferation, migration, invasion, and the expression level of AKT1 in gastric cancer cells, and overexpression of miR-149-5p blocks the malignant behaviors of circNRIP1^[@CR5]^. Consistent with this, our findings demonstrated that the oncogenic effects caused by the overexpression of circCTNNA1 could be reversed by miR-149-4p mimics.

In addition, we found that FOXM1, a transcriptional activator involved in cell proliferation, was co-overexpressed with circCTNNA1 in colon cancer tissues. FOXM1 regulates the expression of cell cycle genes essential for DNA replication and mitosis, such as cyclin B1 and cyclin D1, and plays a role in the control of G1/S and G2/M transitions of the cell cycle^[@CR24]--[@CR26]^. A recent study suggested that circTP63 promotes lung cancer progression by regulating FOXM1^[@CR27]^. Li et al. reported that circANKS1B could regulate FOXM1 expression by sponging miR-149-5p in colorectal cancer, and promote cell migration and invasion^[@CR28]^. Luo et al. demonstrated that long non-coding RNA CCAL promotes metastasis in gastric cancer via miR-149/FOXM1 axis^[@CR29]^. Our bioinformatics analysis suggested that FOXM1 is a potential target of miR-149-5p, and the prediction was validated by dual-luciferase reporter assay results. Moreover, we found that circCTNNA1 overexpression could upregulate FOXM1 in mRNA as well as protein levels, whereas circCTNNA1 knockdown had an opposite effect, and the aforementioned effects could be reversed by miR-149-5p mimics or inhibitors, respectively. Taken together, these data support our hypothesis that circCTNNA1 functions as a ceRNA to promote FOXM1-mediated cell proliferation and invasion via sponging miR-149-5p in colon cancer.

To summarize, our study revealed for the first time that circCTNNA1 is upregulated in colon cancer tissues and cell lines. CircCTNNA1 acts as an oncogene in the progression of colon cancer, and we suggest that the circCTNNA1/miR-149-5p/FOXM1 axis may be a potential diagnostic and therapeutic target for colon cancer.

Materials and methods {#Sec13}
=====================

Cell culture and cell transfection {#Sec14}
----------------------------------

Human colon cancer cell lines (CACO2, HT29, LOVO, SW620, and SW480) and normal colon cell line NCM460 were purchased from Health Science Research Resources Bank. Cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (FBS) at 37% and 5% CO~2~. ShRNA against negative control (sh-NC), shRNA against circCTNNA1 (sh-circ), pcDNA-based circCTNNA1 overexpression vector (circCTNNA1), pcDNA vector, miR-149-5p mimic, negative control mimic (NC mimic), miR-149-5p inhibitor, and negative control inhibitor (NC inhibitor) were synthesized by GenePharma (Shanghai, China) and transfected with Lipofectamine 3000 (Invitrogen, USA).

Human tissue specimens {#Sec15}
----------------------

Specimens of 60 colon cancer and paired adjacent normal colon tissues (Cohort 1) were obtained from the Department of Pathology, Peking University Cancer Hospital. This study received approval from the Institutional Review Board of Peking University. Human tissue microarrays containing 180 paired CRC (Cohort 2) and normal tissues (HCol-Ade180Sur-01/04) were purchased from Outdo Biotech (Shanghai, China) and used for subsequent fluorescence in situ hybridization assay (FISH) and survival analysis.

Expression profile analysis of circRNAs and mRNAs {#Sec16}
-------------------------------------------------

The circRNAs microarray (ArrayStar, Rockville, USA) and an mRNA array (Agilent Technologies, USA) were used for circRNA and mRNA expression profiling, respectively, of three pairs of colon cancer tissues and normal colorectal tissues. KEGG enrichment analysis was conducted using the "clusterProfiler" package in R software^[@CR30]^.

RNA extraction, RNase R digestion, and qRT-PCR {#Sec17}
----------------------------------------------

A TRIzol reagent (Invitrogen, USA) was used to extract the total RNA from colon cancer cells and tissues. The total RNA (5 μg) was then incubated with RNase R (3 U/μg) (Epicenter Biotechnologies, USA) for 15 min at 37 °C. cDNA was obtained using a PrimeScript RT reagent kit (Takara Bio Inc, China). qPCR was conducted using a SYBR GREEN PCR Master Mix (Applied Biosystems, China). The gDNA was isolated using a QIAamp DNA Mini Kit (QIAGEN). All the primers in this study were synthesized by Invitrogen (Shanghai, China). The expression levels of circRNA/mRNA and miRNA were normalized to the levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6, respectively.

Cell proliferation assays {#Sec18}
-------------------------

For the CCK-8 assay, 1 × 10^3^ cells were seeded into each well of a 96-well plate, and 10 mL of CCK-8 solution (Dojindo, Japan) was added to each well. CCK-8 optical density values were measured at a test wavelength of 450 nm after incubation for 2 h at 37 °C. For the colony formation assay, a total of 0.5 × 10^3^ colon cancer cells were seeded into six-well plates and cultured for 10 days. After fixing with 4% paraformaldehyde, the colonies were stained with a 0.1% crystal violet solution.

EdU assay {#Sec19}
---------

Cells were cultured in 96-well plates and treated with 100 μL of medium containing 20 μM of EdU. After incubation at 37 °C, with 5% CO~2~ for 2 h, the cells were fixed with 4% paraformaldehyde for 30 min and incubated with 0.5% Triton-X-100 in phosphate-buffered saline for 20 min. The nucleic acids were stained by 4′,6-diamidino-2-phenylindole.

Transwell assay {#Sec20}
---------------

Transwell assays were conducted using a transwell chamber coated with or without Matrigel. The 10% FBS medium was added in the lower chamber, and colon cancer cells (4 × 10^4^/well) in serum-free medium were added to the upper chamber. After incubation at 37 °C with 5% CO~2~ for 24 h, the cells on the lower surface were fixed with methanol and stained with 0.1% crystal violet.

Wound-healing assay {#Sec21}
-------------------

Cells were cultured in a six-well plate, and scratches on the single cell layer were made with a sterile 20-μl plastic pipette tip. Representative images of cell migration were captured by photographing 10 high-power fields at 0 and 48 h after injury.

Flow cytometric analysis of the cell cycle {#Sec22}
------------------------------------------

Colon cancer cells were incubated in medium without FBS for 12 h and fixed with 75% ethanol for 6 h at 4 °C. Fixed cells were incubated with propidium iodide (50 μg/mL) containing RNase A (0.1 mg/mL) for 30 min at room temperature. The stained cells were then analyzed by flow cytometry (BD Biosciences).

In vivo tumorigenesis assay {#Sec23}
---------------------------

A total of 5 × 10^6^ of SW620 cells stably transfected with overexpression or SW480 transfected with shRNA vector were subcutaneously injected into the upper backs of BALB/c nude mice (female, 4 weeks old). Tumor growth was monitored every week. After 4 weeks, the mice were sacrificed, and the tumor weights were measured. Then the tumor specimens were embedded in paraffin for IHC staining. The percentage of stained cells was scored as 0 (no staining), 1 (1--25%), 2 (26--50%), 3 (51--75%), or 4 (75--100%). The staining intensity was scored as 0 (negative), 1 (weak), 2 (intermediate), or 3 (strong). The IHC score was calculated as the product of the two parameters. Scores of 0--7 were considered as low expression, and 8--12 were considered as high expression. The animal experiments were approved by the Animal Ethics Committee of Peking University.

RNA FISH {#Sec24}
--------

Cy3-labeled circCTNNA1 and Cy-5 miR-149-5p probes were purchased from GenePharma (Shanghai, China). Hybridizations were performed using a fluorescent in situ hybridization Kit (RiboBio, China). All fluorescence images were captured using a confocal microscope.

RNA immunoprecipitation (RIP) {#Sec25}
-----------------------------

RIP was performed using a Magna RIP kit (Millipore, Billerica, MA, USA). SW620 cells were collected 48 h after transfection of miR-149-5p mimics or negative control mimics. The cells were then lysed in complete RNA lysis buffer and were incubated with magnetic beads that were conjugated with anti‐AGO2 (Abcam, USA) or negative control IgG antibody (Abcam, USA). The beads were subsequently washed, and immunoprecipitated RNA and protein were purified and enriched. The target RNAs and AGO2 were detected using qRT-PCR and western blotting.

RNA pull-down {#Sec26}
-------------

A biotinylated circCTNNA1 probe and oligo probe were synthesized by RiboBio (Shanghai, China). The probes were incubated with streptavidin magnetic beads (Life Technologies) for 2 h at 25 °C to generate probe-coated beads. Colon cancer cells were collected and lysed. The cell lysates were incubated with probe-coated beads at 4 °C overnight. Finally, the streptavidin beads were extracted and eluted with buffer, and the abundance of immunoprecipitated miRNAs were analyzed by qRT-PCR.

Dual-luciferase reporter gene assay {#Sec27}
-----------------------------------

Wild-type plasmids circCTNNA1-WT and FOXM1-WT, as well as mutant-type plasmids circCTNNA1-MUT and FOXM1-MUT, were inserted into the pGL3 promoter vector (GenePharma, Shanghai, China). SW620 and SW480 cells seeded on 24-well plates were co-transfected with miRNA mimics or negative controls and 80 ng of plasmid with 5 ng of pRL-SV40 using Lipofectamine 3000. Luciferase activity was recorded using a dual-luciferase reporter assay kit (Promega, Madison, WI, USA).

Western blotting {#Sec28}
----------------

Proteins were extracted, quantified, and separated by 10--12% of sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and transferred to polyvinylidene fluoride blots (Millipore, Germany). After blocking in 10% non-fat milk at 25 °C for 1 h, the blots were incubated with primary antibody (Abcam, USA). They were then incubated with HRP-labeled secondary antibodies. Antibody antigen binding was detected by chemiluminescence. Anti-GAPDH antibody was used as a control.

Statistical analysis {#Sec29}
--------------------

The statistical analyses were performed using SPSS (IBM, Version 22.0) or GraphPad Prism (Version 8.0). A two-sided Student's *t* test, chi-square test, or Wilcoxon test was conducted to measure the differences between groups. All data were expressed as mean ± standard deviation, and *p* \< 0.05 was considered to have statistical significance.
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